We describe a new non-contact high capacity optical tagging technique for bead based assays, based on the use of nanostructured barcodes. The tags are generated from a number of superimposed diffraction gratings. With one-dimensional diffraction, capacity for up to 68,000 distinguishable tags has been demonstrated, with a theoretical capacity of up to 10 9 tags. Extension into two dimensions increases this theoretical limit to 10 21 tags. The rapid advances in high throughput screening, combinatorial chemistry, genomic and proteomic sciences have stimulated dramatic development of techniques for performing bead-based assays. Such assays use micrometresized solid particles (beads) as a platform for chemical and biochemical reactions, by attachment of molecules to the surface. In order to simultaneously perform reactions on more than one type of molecule, each bead must be encoded with a unique identifier indicative of the molecules on the surface.
The rapid advances in high throughput screening, combinatorial chemistry, genomic and proteomic sciences have stimulated dramatic development of techniques for performing bead-based assays. Such assays use micrometresized solid particles (beads) as a platform for chemical and biochemical reactions, by attachment of molecules to the surface. In order to simultaneously perform reactions on more than one type of molecule, each bead must be encoded with a unique identifier indicative of the molecules on the surface.
Example applications include immunoassays, in which each bead has a different antigen bound to the surface, so that each antigen is identifiable by the code on the bead. The beads are then reacted with a sample containing antibodies, each of which will bind to a certain antigen, allowing the codes on the beads to be used to identify the antibodies present in the sample. Such immunoassays may be used, for example, to identify diseases by the antibodies present in a blood sample [1] . Similar bead based assays may be used to identify DNA fragments by hybridisation to complimentary sequences bound to the beads [2] , and for combinatorial synthesis of DNA and other large molecules.
Several optical methods have been developed for encoding microbeads [3] , including fluorescence [4] , IR [5] , Raman [6] and optical [7] tagging. Methods using magnetic tagging are also being investigated [8] . In particular, multicolor optical coding has been achieved by embedding quantum dots of zinc sulfide-capped cadmium selenide nanocrystals into beads [9] [10] [11] [12] while patterns can also be written in fluorescently dyed beads by spatially selective photo-bleaching to create spatially selective fluorescent tags [13] . Recently, codes formed in beads during polymerization were demonstrated [14] , read by direct observation through a microscope. Here we investigate a new method for encoding small beads, which allows for non-contact reading. The tagging technique is based on fabricating a nano-structured pattern on the surface of the particle, which is only a few microns in size. The pattern is read by detecting the spatial distribution of laser light diffracted by the tag. Diffraction is used for encoding and de-coding signals in optical fibre wavelength division multiplexing [15, 16] , and for encoding information in holographic data storage systems [17, 18] . To apply diffractive encoding to microtags, the simplest implementation is one in which the pattern on the tag is a miniature diffraction grating, where information is coded in the pitch or spatial dimensions of the grating. However, the encoding capacity of such a tag can be greatly increased by fabricating tags with several overlapping nano-scale gratings.
In a classical single diffraction grating, information may be encoded in the pitch or spacing of the grating, a. When such a grating is illuminated with light at wavelength k, for example at normal incidence, a series of diffracted beams of different order m is created, according to the equation asina = mk. Here a is the angle of diffraction and m is the diffraction order. Therefore, a measurement of the first order diffraction angle, at m = 1, gives direct information about the pitch of the grating a. This principle is shown in Fig. 1 . The number of distinguishable tags that can be manufactured depends on the ability to resolve a difference between two diffraction patterns. Two diffracted beams at diffraction angles a 1 and a 2 can be resolved if ja 1 À a 2 j P Da 1 /2 + Da 2 /2, where Da is angular width of the beam. Here Da = k(Na cos a) À1 , where N is the number of periods in the grating of length L (N % L/a). Using this criterion it is possible to calculate the encoding capacity of diffractive barcodes with a single grating as a function of the grating length, by calculating the possible positions of the first order diffracted beam (neglecting all diffraction orders above m = 1). The results for this are presented in Fig. 2 , curve (1) .
A much larger capacity of tag can be obtained if several gratings are superimposed on the bead, as shown in Fig. 1C . Each of the superimposed gratings can be considered to produce its own set of diffracted beams. If the tag has k superimposed gratings, the number of possible distinguishable codes c is then given by the number of possible combinations of k beams in the n possible positions, using the combinatorial formula c ¼ n! ðnÀkÞ!k!
. The results of calculations of the tag capacity for several superimposed gratings using this resolution criteria is presented by the solid curves (2)- (5), Fig. 2 . In practice the maximum number k max of superimposed gratings in the tag which can be distinguished by diffraction is limited by the resolution d of the tag's fabrication process and may be estimated as k max ' k/(2d).
To further increase capacity, we can introduce 'twodimensional' tagging, using diffractive elements created from two perpendicular gratings. An example of such a tag is shown in the inset to Fig. 3 . The tags are read by the same method as the one-dimensional tags, but now measuring the first order positions in the two perpendicular directions. The pitches of the two perpendicular gratings can be varied separately, and it is possible to have different numbers of superimposed gratings, k x and k y , in each direction. The number of codes available for all possible combinations of pitches, with k x and k y values ranging from 1 up to a maximum k is then 
The results for the number of codes as a function of tag side length for a square two-dimensional tag with different values of k, are shown in Fig. 3 . We can see from this that the maximum encoding capacity of tags 100 lm in length is of the order of 10 21 codes. In order to demonstrate the one-dimensional tagging concept, a chip library of chromium gratings was manufactured on a glass substrate using direct write electron beam lithography. The library of gratings contains almost 7,400 unique barcode tags, 50 · 50 lm separated by gaps of 200 lm. SEM images of these tags showing the range of different superimposed gratings are presented in Fig. 6 . With available nanofabrication minimum feature size d of about 100 nm we have been able to demonstrate tags up to order three (containing three superimposed gratings) that are fully distinguishable by diffraction. This provides capacity for about 68,000 distinguishable tags. Higher order tags have also been fabricated, but they sometimes show failures in pattern reproduction which spoils the quality of diffraction (Fig. 4 (iv) ).
An example of the diffraction patterns created by these tags is presented in Fig. 5 . The gratings were 'read' using light from a HeNe laser (633 nm) incident at normal angle to the sample. The diffraction pattern was observed on a screen parallel to the grating and captured using a CCD array detector. Fig. 5a shows how the diffraction pattern changes with grating pitch; increasing in diffraction angle as the pitch decreases. The series of diffraction patterns (labeled A to J) demonstrates how it is possible to uniquely distinguish between ten different tags containing only a single grating. In the photographs, the first order diffraction spots (marked m 1 = 1 as in Fig. 1A ) are highlighted by the solid circles, while the positions of the much weaker second order diffraction spots (m 1 = 2) are indicated by dashed circles. Fig. 5b shows diffraction patterns from different tags containing three superimposed gratings (patterns HGF to QGF). Here, the first grating diffracts exactly as grating G in Fig. 5a , while the second grating diffracts as grating F. The third grating differs from pattern to pattern. The first diffraction pattern is from a grating which diffracts as grating H in Fig. 5a , but then changes step by step to give a higher and higher diffraction angle. The tag code is formed from the letter labels of the individual grating on the tag; for example tag HGF in Fig. 5b superimposed gratings. Further increase in the number of superimposed gratings on the tags led to increasing read errors due to the limited minimum feature size available in the grating fabrication process. The analysis given so far assumes normal incidence of the reading beam on the tag. In practical chemical and biological implementations these tags will be read in microfluidic devices, where perfect alignment may not always be possible. We therefore have to consider whether we can still recover the pitches on a tag if it is at some non-normal orientation with respect to the reading beam. A tag can rotate about three possible axes, as shown in Fig. 6A , from which we define three rotation angles g, h and c. Non-normal incidence requires a modification of the diffraction equations, so that a beam at diffracted angle a to the z-axis (see Fig. 6A for axis definitions) satisfies a(cos hsin g À sin a) = mk, resulting in a distortion of the diffraction pattern.
The results of calculating the diffraction patterns modified by tag rotation are shown in Figs. 6B-D. A grating with a 1 lm pitch is chosen to show the variation of a for example m = +1 and m = À1 orders, due to rotation g (Fig. 6B) . Rotation by angle g produces reduction of a on one side of the m = 0 beam and an increase on the other: this increase in alpha could eventually cause the diffracted first order to move outside the ±90°detection range, if g becomes very large. For the other two rotation axes, the diffracted spots change position, but a remains constant. The modified patterns produced by rotations c and h have diffraction angles a which are no longer completely in the x-z plane, so we define a x and a y to be the diffracted angles seen in the x-z and y-z planes, respectively, in order to show how the pattern appears in angular space. It is, however, still perfectly possible to recover the pitch of a grating from a pattern distorted by tag rotation. To do this, we need to remove the unknown coshsing from the diffraction equation. We can do this by measuring the absolute angle of both the m = 1 and m = À1 diffracted beams with respect to the zero order, denoted a 1 and a 2 , respectively. The pitch of the grating can then be reconstructed using a ¼ 2k sin a 2 Àsin a 1 , thus the tag can still be identified.
The analysis given so far also assumes that only the first order diffraction spots encoding the data are present. In practice, however, this would only be correct for a grating with a sinusoidal transmission function (Fig. 7A inset) . Such a grating has only a single frequency Fourier component in addition to the zero frequency, resulting in a diffraction pattern containing only zero and first order beams, as shown in Fig. 7A . The gratings we are considering, of the type shown in Fig. 1 , have a step transmission function, as seen in Figs. 7B and C insets. In addition to the fundamental Fourier component with period a, there are higher frequency Fourier components which make up such a step function. These components appear as higher order beams (m 1 > 1) in the grating's diffraction pattern, shown in Figs. 7B and C. The relative intensity of the various higher diffracted orders, as calculated from Fraunhofer diffraction theory, depends upon the exact profile of the grating, in particular on the ratio a/(a À b), where b is the width of the transparent grating elements. Each successive higher order is less intense than the previous one. Some of the higher orders may be entirely absent from the diffraction patterns produced by certain grating profiles; for example a grating with a 1 /(a 1 À b 1 ) = 2 has no second order (m 1 = 2) diffracted beam (Fig. 7B) , while a grating with (Fig. 7C) .
The higher order beams can be confused with the first order beams, leading to misreading of the tag. It is therefore critical to be able to distinguish the first order diffracted beams from the higher order beams. This can be achieved by use of intensity discrimination of the higher order diffracted beams. The discrimination level is set to the level of the most intense higher order beam. Defining the calculated first order intensity as I 1 , this level S can be defined as S = I 2 /I 1 , where I 2 is the intensity of the second order beam. This level S was calculated for ideal rectangular profile gratings with different values of a/(a À b). Gratings with a/(a À b) = 2 require the lowest level of threshold, since one needs only to discriminate the third order beams, as described above: setting S = 0.05 eliminates all higher diffraction order beams and provides error-free identification of the tag (see inset of Fig. 2) . For all other values, the second order beams have to be discriminated, resulting in the increasing values of S shown in Fig. 2 inset.
In addition to the higher order diffracted beams, when two or more pitches are superimposed, extra 'ghost' beams appear, which may also be confused with code first order beams. This is shown in Fig. 1D for two superimposed pitches a 1 and a 2 . These beams result from the fact that the superimposed grating profile (Fig. 7D inset) is not an algebraic, but a logical sum of the individual grating step functions. Therefore, in addition to the Fourier components of the individual step functions that make up the grating, the superimposed grating profile function has extra Fourier components that are linear combinations of the individual grating components (Fig. 7D) .
By performing Fast Fourier Transform (FFT) simulations of diffraction patterns from superimposed gratings, the positions of the ghost beams can be investigated. We find that each pair of pitches on a superimposed grating produces a set of ghost beams. The ghosts appear at angular positions that depend upon the spacing between the diffracted first order beams from each individual grating pitch. A pair of gratings superimposed as in Fig. 1D will produce a diffraction pattern as in Fig. 7D , with ghost beams at positions a such that
where g 1 and g 2 can have the values ±1, ± 2,. . . The metalon-glass superimposed tags shown in Fig. 4 display evidence of these ghost beams (see Fig. 5b , example ghosts shown in dotted circles). We can experimentally measure the ghost order positions and compare against Eq. (2), as shown in Fig. 8 . It can easily be seen that there is very good agreement between this equation and the measured diffracted spot positions. In addition, we can obtain the intensities of the ghost beams from the FFT simulations, in order to determine whether they may be discriminated by a threshold level method, similar to that described for the higher order beams. The simulated intensities of ghost beams g 1 = g 2 = ±1, which are the most intense, are measured in regions well away from other features of significant intensity in the diffraction pattern. We find that for a/ (a À b) > 2, the ghost beams in these regions are eliminated by the discrimination threshold, S, used to eliminate higher order beams. Additionally, the side lobes of the zero order (seen near 0°in Fig. 7) , cause the ghost beam intensity to increase as its position approaches the zero order. Such ghost beams can be eliminated by having a discrimination threshold that increases close to the zero order.
A more drastic problem occurs when a ghost beam coincides with another ghost, or a higher order beam from one of the other gratings on the tag. This creates a ghost with an intensity which is a large fraction of the first order intensity, which can therefore be extremely hard to discriminate from a code first order beam. It is difficult to remove such high intensity ghosts using a threshold method, so tags with high intensity ghosts have to be eliminated from the encoding library. By calculating all possible grating combinations for all different superposition levels, we can identify these tags and remove them from the possible set used for encoding, giving a set of revised values for the diffractive tag capacity (Fig. 2 , dashed curves 2-5). We see, however, that the majority of the tags can still be used for encoding.
In conclusion, we have demonstrated a new optical noncontact tagging technique based on superimposing large numbers of miniature diffraction gratings on a tag. We have also analyzed various limitations of the method for rectangular profile gratings, such as higher order diffracted beams and ghost beams produced due to the superimposing process, which may be confused with code first order beams. However, we have shown that in most cases these beams can be eliminated by the use of an intensity threshold method. In addition, we have analyzed the robustness of the method with respect to non-normal incidence of the reading beam on the tag, which might be the case in applications. We have shown that it is still perfectly possible to read the tags with non-normal incidence of the reading beam. With 50 nm nanofabrication resolution now routinely available the technique is capable of creating distinguishable tags containing at least 5 superimposed grating and encoding up to 10 9 tags, each of which is only 100 lm long and a few lm wide. To demonstrate this technique we manufactured a library of 50 lm · 50 lm tags on a glass wafer and confirmed the practicality of the superimposed grating tags. With a nanofabrication minimum feature size of about 100 nm it has been possible to resolve tags containing at least three superimposed gratings providing capacity for more than 68,000 tags. An enormous increase in capacity is possible if two sets of mutually perpendicular gratings are used. Combinatorial analysis shows that up to 10 21 different barcode tags can possibly be fabricated with such two-dimensional superimposed gratings up to order five. The robust nature of the tags, together with the non-contact remote reading capability makes them ideal for a large variety of biochemical, cytological, proteomic and genomic applications, in particular if manufactured from bio-compatible polymers such as SU8 [19] . These tags could also have widespread use in invisible marking for security applications and product marking, identification and tracking. 
